OBJECTIVE: Most body composition techniques assume constant properties of the fat-free mass (FFM), such as hydration, density and mineralisation. Previous studies suggested that FFM composition may change in childhood obesity; however, this issue has not been investigated in detail. AIM: To compare FFM composition in obese and nonobese children. DESIGN: Observational matched case-control analyses. SUBJECTS: A total of 28 obese children (13 boys, 15 girls) and 22 nonobese children (10 boys, 12 girls) aged 7-14 y. Obesity was defined as body mass index centile 495. METHODS: Measurements were made of weight, height, total body water, and body volume. Bone mineral content was estimated in a subsample. Body composition was calculated using three-and four-component models. RESULTS: According to the three-component model (n ¼ 22 matched pairs), obese children had greater hydration (Po0.05), and reduced density (P ¼ 0.057) of FFM. According to the four component model (n ¼ 11 pairs), obese children had greater hydration (Po0.01) and reduced density (Po0.002) of FFM. The mineralisation of FFM was increased, but not significantly so. CONCLUSION: The greater hydration and reduced density of FFM of obese children should be taken into account if body composition is to be measured with optimum accuracy during treatment programmes. These differences may be addressed by using multicomponent rather than two-component models of body composition. Although the greater mineralisation of FFM in obese children was not significant in the present study, the four-component model is best able to address the combined differences in hydration and mineralisation that occur in childhood obesity.
Introduction
The prevalence of obesity in children is increasing worldwide, and childhood is a time of increasing risk of developing obesity and its attendant complications. 1 Department of Health statistics indicate that the prevalence of clinical obesity doubled in Britain between the years 1980 and 1991, 1 and is continuing to increase. 2 Therefore, measuring body composition in children is vital in researching the aetiology of childhood obesity, and in evaluating the relative success of various treatment strategies. Currently, most research on childhood obesity assesses only body mass index (BMI).
BMI is generally used to define obesity clinically 3, 4 because it is easy to calculate, quick to measure and noninvasive. Nevertheless, BMI is a poor index of fatness in individual children, 5, 6 and has poor sensitivity for categorising the condition. 7 In normal growth, age-increases in BMI during both later childhood and adolescence can be attributed primarily to increases in fat-free tissue rather than fat. 5, 8 These limitations mean that BMI is an inadequate outcome for research on the efficacy of obesity treatment programmes. Body composition is difficult to measure in young children because many techniques either require a high degree of subject compliance or are present only in specialised research institutions. Furthermore, the lack of chemical maturity complicates the assessment of body composition in children, as many methods assume constant properties of fat-free mass (FFM). Children have a lower density of FFM (D ffm ) than adults, due to a higher proportion of water and different proportions of mineral and protein in their FFM compared to adults. [9] [10] [11] A preliminary attempt to describe the chemical maturation of FFM has been made for both children 12 and adolescents, 13 however, these data sets involved many assumptions and may require revision. The properties of FFM may be measured using multicomponent models, 11, 14 which provide information on the density, hydration and mineralisation of FFM. This information can then be used in simpler two-component models, such as deuterium dilution or densitometry, which are more practical than multicomponent models for application in large-scale studies. Previous work in obese children has suggested that both hydration 15 and mineralisation 16, 17 may differ from that of normal children. However, these data require confirmation as multicomponent models were not used and the methodology may therefore have influenced the findings. The aim of our study was to investigate the composition of FFM in obese and nonobese children. Obese children were compared with nonobese children using a matched casecontrol study design, and both groups were also compared with reference values from the literature.
Methods
A sample of 36 obese children aged 7-14 y was recruited from two sources: (a) obesity clinics, at Great Ormond Street and Middlesex Hospitals and the MEND community clinic, London, and the LEAF Clinic, Chichester; and (b) an ongoing study of children's body composition based at our centre in London. Obesity was defined as BMI 495th percentile, equivalent to 1.61 BMI standard deviation scores (SDS). 3 Control subjects were obtained from previous and ongoing studies of children's body composition. Control children were selected by matching for age and sex, and had À2oBMI SDSr1.61. Ethical approval was granted by the Great Ormond Street Hospital for Children NHS Trust/ Institute of Child Health Research Ethics Committee. Both informed parental consent and child assent were obtained before proceeding with the study. Body weight was measured to the nearest 0.1 kg using electronic scales (Seca weighing scale) and height was then measured to the nearest millimetre using a wall-mounted stadiometer (Karrimetre). BMI was calculated as weight (WT) in kg divided by the square of height in metres. Height, WT and BMI were converted into SDS using current UK reference data. 3, 18 Deuterium dilution Total body water (TBW) was determined by deuterium oxide dilution, using an oral dose equivalent to 0.05 g/kg body weight. Saliva samples were collected using cotton wool swabs at baseline and 4 h (controls) or 5 h (obese children) after dosing. The subjects refrained from introducing any food or fluid into the mouth during the 15-min period before taking a saliva sample. Isotopic enrichment of saliva samples was determined by isotope-ratio mass spectrometry. Deuterium dilution space was calculated and corrected for proton exchange as described previously. 19 Raw TBW was corrected for any drinks consumed during the equilibration period, by subtracting the amount of fluid consumed.
Air-displacement plethysmography
Body volume (BV) was measured by air-displacement plethysmography (ADP) using BodPod instrumentation (Life Measurement Instruments, CA, USA) according to the manufacturer's instructions and recommendations. The subjects wore tight fitting swimming costumes and swimming caps. In each test, duplicate measures of body volume were performed, each lasting about 50 s. If the two measurements differed by more than 150 ml, a third measurement was performed. The average of the duplicate raw volume measurements, or the average of the closest two if three measurements were required, was then used in subsequent calculations. Two complete tests (ie a minimum of four raw volume measurements) were performed on each child, to ensure precision as described previously. 20 Lung volume was predicted using children's equations as described in detail previously.
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Dual-energy X-ray absorptiometry Bone mineral content (BMC) was measured using dualenergy X-ray absorptiometry (DXA) (Lunar Prodigy, Madison, WI, USA). The children removed all metal objects, and any clothes containing metal, before undergoing the scan. The subjects lay in supine position with arm and legs at their sides during the whole scan. The typical scan duration was 10-15 min, depending on the height of the subject. The radiation exposure was estimated to be 5 mSv per scan, which is lower than the total background daily radiation exposure. All the obese children received this measurement; however, in some control children (n ¼ 11) the instrumentation was not the same model and manufacturer, and control data are only included in the present analysis if obtained from the Lunar Prodigy.
Body composition models (a) Two-component model The two-component (2C) model divides WT into the components FFM and fat mass (FM). This model assumes constant properties of the composition of FFM, either constant density or hydration. In the densitometry model, percentage fat was calculated using a version of Siri's equation:
where Db is the body density (calculated as WT/BV), and C1 and C2 are constants based on age and gender. 22 FM was then calculated from data on %fat and WT. FFM was calculated as above. H ffm was calculated as TBW/ FFM, and D ffm was calculated as mass of (water þ fat-free dry matter) divided by volume of (water þ fat-free dry matter). Total mineral mass was calculated by multiplying BMC by a constant of 1.2741. 23 Protein mass was calculated as difference of WT and (water þ fat þ total mineral mass). This component of weight therefore includes glycogen, urea, nucleic acids and free amino acids as well as protein.
14 H ffm was calculated as above, and D ffm was calculated as mass of (water þ protein þ mineral) divided by volume of (water-þ protein þ mineral). 14 
Statistical analysis
Previous research reported a difference (d) in H ffm of 3% between fat and lean children, but gave no data on the standard deviation (s.d. ) in each group. 15 In our previous study of children aged 8-12 y, the s.d. of H ffm was 2.2%.
11
Thus, a sample size (n) of nine pairs would be sufficient to detect the same difference with 80% power, Po0.05, using the following formula:
However, as the study of Bray et al 15 used a different methodology to measure body composition, and possible inaccuracies in DXA for measurement of FFM 24 may have influenced the results, we recruited a larger sample size for the 3C analysis. All variables were successfully tested for normality, to confirm that the statistical analyses described below were appropriate. Obese and nonobese children were first compared as unmatched groups, using two-sample t-tests, thus ignoring any differences in numbers per group that emerged during the study. Subsequently, paired t-tests were used for the matched case-control analyses. Finally, paired t-tests were used to compare both obese and normal children against reference values for the properties of FFM taken from the literature. H ffm and D ffm were taken from the summary of Lohman. 22 Data on the protein-mineral ratio were calculated directly from the data on the reference child 12 and reference adolescent. 13 The statistical package for social sciences (SPSS) for windows software (version 11.0, SPSS, Inc., Chicago, IL, USA) was used for all analyses. The 3C model requires data on the density of water, fat and fat-free dry tissue, which is a function of the proteinmineral ratio within the FFM. Measurement of FFM composition using the 4C model determines this protein-mineral ratio, and therefore allows derivation of new 3C equations specifically for the populations being studied. The 4C data were therefore used to derive such equations, as follows. When the fraction of protein (P) to mineral (M) in fat-free dry tissue is known, then:
where D pm is the density of fat-free dry tissue, D m is the density of mineral (3.0375 kg/l) and D p is the density of protein (1.34 kg/l). 23 This allows the calculation of D pm .
Then, the fraction of fat (F) within weight is determined as follows:
where D f is the density of fat (0.9007 kg/l) 23 and D f þ pm is the density of total-body dry mass, which is calculated from the raw measurements as follows: as described previously 14 and shown in equation (3) above.
Results
The final sample consisted of 28 obese children, 13 boys and 15 girls, measured using the 3C model, of whom 19 had data for the 4C model; and 22 controls, 10 boys and 12 girls, measured by the 3C model, with 4C data available in a subsample of 11. The controls had average weight and height SDS close to zero, and an average BMI SDS of À0.15 (s.d. 0.84).
The age and physical characteristics of the obese and nonobese children are given for each sex in Table 1 . The control and obese children did not significantly differ in age (P ¼ 0.79), but as intended the obese children had substantially greater WT and BMI (Po0.001). Obese children were also significantly taller than control children matched for age and gender, the difference averaging 8 cm (Po0.05). No The raw body composition measurements, along with outcomes derived from the 3C and 4C models, are given for each group by sex in Table 2 . By two-sample t-tests, obese children had significantly higher BV, TBW and BMC than controls (Po0.001). According to both 3C and 4C models, obese children had significantly greater FM and FFM. H ffm values of obese children were significantly higher in obese children by both 3C (Po0.05) and 4C (Po0.001) models. Differences in D ffm values did not attain statistical significance by the 3C model (P ¼ 0.058), but values were Fat-free mass composition in obese children D Haroun et al significantly lower in the obese children by the 4C model (Po0.001). By the 4C model, the protein-mineral ratio was reduced in the obese children, but not significantly so (P ¼ 0.067), while protein mass did not differ significantly between the groups. In the matched case-control study, differences in the 22 pairs analysed using the 3C model were significant for all parameters of body composition except D ffm (P ¼ 0.057). In the 11 pairs analysed using the 4C model, differences were significant for all parameters except protein mass and the protein-mineral ratio. The values are given in Table 3 The finding that the 3C and 4C models gave different values for the magnitude of the difference in H ffm and D ffm between obese and control children might be genuine, or it might be due to the fact that the 4C data were only available in a subsample of 11 pairs, which might be unrepresentative of all 22 pairs. We therefore compared the data in those 11 matched pairs for whom both 3C and 4C values were available. In this subsample, the 3C model values for the differences in H ffm (2.6 (s.d. 2.0) %; P ¼ 0.002) and D ffm (À0.01 (s.d. 0.08) kg/l; P ¼ 0.002) were closer to those obtained by the 4C value, implying that some of the apparent difference between the models was indeed due to sampling bias. However, as discussed in more detail below, the 4C model also detected trends towards increased mineralisation in obese children, while direct within-subject comparisons between the 3C and 4C models also showed small but significant differences in values for the composition of FFM. Thus, mineral mass was significantly greater in the obese children (Po0.002), whereas protein mass did not differ between the groups (P ¼ 0.24). Combining these trends, the protein-mineral ratio was reduced in obese children but not significantly so (P ¼ 0.17).
When compared to values from the literature, 12,13 the obese children did not differ significantly in H ffm or D ffm calculated by the 4C model, but had a significantly lower protein-mineral ratio. In contrast, the control children had significantly lower H ffm and protein-mineral ratio and significantly greater D ffm . By both models, the H ffm values in the control children were approximately 2% lower than those given in the literature. These values are given in full in Table 4 . A direct within-subject comparison of the 3C and 4C models for both obese (n ¼ 22 pairs) and normal children (n ¼ 11 pairs) is given in Table 5 . In both groups of children, FM and %fat were greater when calculated by the 4C model, and FFM was lower. The average bias was 0.3 kg of FM or FFM in the control children, and 0.5 kg of FM or FFM in the obese children. H ffm and D ffm were significantly higher by the 4C model in both groups.
In both obese and nonobese children, the protein-mineral ratio did not differ between the sexes. Using values for this ratio of 3.1 for the control children, and 2.8 for the obese children, the following 3C equations were derived: Using the average raw data from both obese and nonobese children, these equations produced values for FM agreeing within 0.2 kg.
Discussion
Our study shows that the composition of FFM is significantly different in obese children. The water and mineral content are higher, such that the proportion of protein is reduced. These changes collectively result in lower D ffm , and higher H ffm . These effects are important not only as health outcomes, but also have basic scientific implications as they must be taken into account when assessing body composition with optimum accuracy. Few studies of childhood obesity have measured body composition in detail, relying in most cases on BMI. However, BMI is a poor index of fatness in individual children. 5 Although many studies have reported secular trends in BMI over recent decades, it is becoming apparent that BMI does not necessarily have a constant relationship with fatness over time, and may underestimate actual increases in body fat levels. 6, 25 Equally, the efficacy of treatment programmes will remain unclear if BMI is the only outcome. For example, physical activity may exert opposing effects on FM and FFM, as it stimulates muscle growth while depleting fat stores, 26 and may alter body composition without apparently reducing weight. Little attention has been directed to the issue of how best to measure body composition in childhood obesity. The 2C model assumes constancy of FFM, for example constant H ffm in hydrometry, or constant D ffm in densitometry. These assumptions already pose problems in nonobese children, as such properties vary with age and possibly with gender, 12, 13 and may vary between individuals of the same age and gender. 11 Our study suggests that nutritional status is a further factor influencing both these aspects of FFM composition.
Relative to the 3C model, these alterations induce average errors of 1-2 units in %fat in both hydrometry and densitometry. The 3C model avoids the assumption of FFM constancy and assumes instead only a constant ratio of protein to mineral in the fat-free dry tissue. Use of the 3C model in the present study indicates 1.3% higher H ffm and 0.005 kg/l lower D ffm in obese children.
However, it is apparent that the main assumption of the 3C model is also invalid, and that obese children have a higher level of mineralisation in FFM, although not significantly so in the present study, than nonobese children. Relative to the 4C model, therefore, the 3C model underestimates the extent to which FFM composition is altered by obesity, and the actual changes in H ffm and D ffm are greater. Some of this difference could be attributed to sampling bias, as only 11 pairs of children had both 3C and 4C data; however, more detailed analyses showed differences in relative mineralisation between obese and control children that contribute to the increased differences in hydration and density detected by the 4C model. Overall, our analysis shows that 2C techniques will underestimate the differences between obese and nonobese children, and by inference, they may fail to demonstrate the changes that occur in body composition during weight loss.
Previous research suggests that more than one mechanism may lead to alterations in FFM composition in obesity. The condition is associated with an expanded extracellular water space in adults 27, 28 and children. 29 In adults, this overhydration has been found to persist even if weight reduction is achieved either by dietary modification 28 or surgery. 30 The increase in extracellular water remains poorly understood. Its persistence after weight loss implies that the water content of adipose tissue is not an adequate explanation, and it is possible that obesity causes irreversible alterations in haemodynamics and fluid regulation.
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Increased weight has been associated previously with earlier sexual maturation, 31 which would lead to earlier bone accumulation. 32 However, in our study pubertal status was not assessed. Our study is consistent with previous studies, which have reported obese children to be taller than controls 33 and to have greater absolute BMC. 16, 17 In relative terms, however, obese children appear to be under-mineralised for their weight, and have a higher rate of fractures. 34, 35 This may be due either to a time lag between weight increase and BMC increase, causing bone fragility, 36 or to smaller bone dimensions in the obese. 34 Exercise intervention, which has been shown to improve bone health in obese children, 37 may therefore be desirable.
The 3C model assumes a constant ratio of protein to mineral. Whereas our study showed that the difference in protein-mineral ratio between obese and nonobese children did not achieve statistical significance, both groups of children had a lower ratio than published reference values, suggesting that mineralisation is greater than previously estimated. We have therefore derived new 3C equations for each group; however, the differences between these equations are small (equivalent to o0.2 kg FM), and it is not yet clear whether obese subjects require separate 3C equations.
Further work is required to investigate this issue, as the values for BMC are in part influenced by the choice of DXA instrumentation. Comparative studies have shown that Lunar instrumentation provides BMC values approximately 15% higher than those given by Hologic instrumentation, 38 but it is not known which values are more accurate. However, for a case-control study, where the same methodology is used in both groups, the choice of instrumentation is unlikely to unduly influence findings of between-group differences, and we therefore believe our findings with Fat-free mass composition in obese children D Haroun et al respect to the effect of obesity are relatively robust. Instead, it is the comparison between the 3C and 4C models that might potentially be adversely affected by this issue. In a previous study, using Hologic instrumentation, we did not find differences in body composition values between the 3C and 4C models, 11 whereas in the present study, the 4C model gave FM values 0.3-0.5 kg higher.
Although not the primary hypothesis of our study, our data show inconsistencies in the composition of FFM between control children and values given in the reference child and adolescent. 12, 13 The published values were not measured in all age groups; measurements were made only at birth, 6 months, 9 y (boys) or 10 y (girls), and adulthood.
H ffm' and D ffm for most age groups were obtained by linear interpolation between these time points. Furthermore, where measurements were incorporated into the reference data, they did not use identical methodologies at all time points. With increasing application of body composition measurements in children, there is a need to update existing reference data with measurements made throughout childhood and adolescence.
Conclusion
Our study supports previous work in demonstrating a significant effect of childhood obesity on the composition of FFM. These differences may have clinical significance, for example indicating an expansion of extracellular water. The changes also have implications for the measurement of body composition, in particular when evaluating changes in obese children over time. Differences in fatness between obese and nonobese children are large, and are discerned by almost all body composition models. However, if within-subject changes during treatment are to be described with optimum accuracy, the effect of increased mineralisation and water content should be taken into account.
